The isoscalar neutron-proton pairing is thought to be important for nuclei with equal number of protons and neutrons but its manifestation in structure properties remains to be understood. We investigate the Gamow-Teller (GT) transitions for the f 7/2 -shell nuclei in large-scale shell-model calculations with the realistic Hamiltonian. We show that the isoscalar T = 0, J π = 1 + neutron-proton pairing interaction plays a decisive role for the concentration of GT strengths at the first-excited 1 + 1 state in 42 Sc, and that the suppression of these strengths in 46 V, 50 Mn, and 54 Co is mainly caused by the spin-orbit force supplemented by the quadrupole-quadrupole interaction. Based on the good reproduction of the charge-exchange reaction data, we further analyze the interplay between the isoscalar and isovector pairing correlations. We conclude that even for the most promising A = 42 nuclei where the SU(4) isoscalar-isovector-pairing symmetry is less broken, the probability of forming an isoscalar neutron-proton pairing condensation is less than 60% as compared to the expectation at the SU(4)-symmetry limit. Introduction. Pairing of two kinds of fermions is a unique phenomenon in nuclear physics. According to Heisenberg [1], neutrons and protons can be regarded as two "states" of nucleons, described by isospin T . Thus, nuclear many-body states and interactions are characterized by combinations of spin and isospin [2] , respecting the antisymmetrization requirement for wave functions. For most nuclei with N > Z, the isovector (T = 1) neutron-neutron (nn) and proton-proton (pp) pairings coupled to angular momentum zero (J = 0) can be well described by the BCS-type models [3] [4] [5] similarly as in condensed-matter physics. For nuclei near the N = Z line, the neutrons and protons close to the Fermi surface occupy identical orbits, and thus can have large probabilities to form isovector neutron-proton (np) pairs with T = 1 or isoscalar (T = 0) np pairs. With a short-range force, the angular momentum of these np pairs favors J = 0 for T = 1, and J = 1 or J = J max for T = 0 [6]. It has been shown that the np pairing with T = 1, J = 0 should be treated on an equal footing with T = 1, J = 0 nn and pp pairing [7] .
Introduction. Pairing of two kinds of fermions is a unique phenomenon in nuclear physics. According to Heisenberg [1] , neutrons and protons can be regarded as two "states" of nucleons, described by isospin T . Thus, nuclear many-body states and interactions are characterized by combinations of spin and isospin [2] , respecting the antisymmetrization requirement for wave functions. For most nuclei with N > Z, the isovector (T = 1) neutron-neutron (nn) and proton-proton (pp) pairings coupled to angular momentum zero (J = 0) can be well described by the BCS-type models [3] [4] [5] similarly as in condensed-matter physics. For nuclei near the N = Z line, the neutrons and protons close to the Fermi surface occupy identical orbits, and thus can have large probabilities to form isovector neutron-proton (np) pairs with T = 1 or isoscalar (T = 0) np pairs. With a short-range force, the angular momentum of these np pairs favors J = 0 for T = 1, and J = 1 or J = J max for T = 0 [6] . It has been shown that the np pairing with T = 1, J = 0 should be treated on an equal footing with T = 1, J = 0 nn and pp pairing [7] .
The isoscalar T = 0 np pairing, on the other hand, is special in nuclear physics, and has long been a discussion focus. An interesting question has been whether the T = 0 nppairing condensate can occur in nuclei. β -decay and chargeexchange reaction, which involve isospin-flip, are thought to be the means to study the T = 0 np-pairing [6] . In the recent ( 3 He, t) charge-exchange experiments, Fujita et al. [8, 9] have shown an interesting observation in the 42 Ca → 42 Sc reaction. They found that, instead of the usual expectation for nuclei with mass A > 60 that most of Gamow-Teller (GT) strengths are distributed with a few MeV width at E x > 9 MeV [10] , the GT strengths they obtained concentrate in the lowest excited 1 + state at 0.6 MeV in 42 Sc, which they call the lowenergy super GT state. Moreover, in the same reaction for all other f 7/2 -shell nuclei, which ends up with the odd-odd N = Z (T z = 0) nuclei (i.e., 46 V, 50 Mn, and 54 Co), the GT strength distributions are found to be qualitatively different. As mass number A increases, the low-energy strength becomes fragmented and the bumplike structure in the high-energy region begins to develop. Finally in 54 Co, the distribution is mainly of the typical bumplike GT resonances. These results seem to suggest drastic differences occurring along the N = Z line, which have attracted our attention.
Combining the T = 0, J π = 1 + mode with the T = 1, J π = 0 + one, the isovector and isoscalar pairing correlations have been examined by the exactly solvable SO(8) model with degenerate single-particle orbits [11, 12] . In the SU(4) symmetry limit, the GT strength is, as pointed out by Wigner [13] , indeed expected to concentrate at the lowest 1 + state. Thus the large GT strength at the lowest 1 + state observed in 42 Sc [8, 9] would correspond to an SU(4) symmetry, and it could be the fingerprint of the T = 0 pairing. The GT strength distributions with A = 42 − 58 were studied by using a self-consistent Skyrme Hartree-Fock-Bogoliubov plus quasiparticle randomphase approximation (QRPA) method including isoscalar and isovector residual interactions [14] . In Ref. [15] , Yoshida considered the lowest 1 + 1 in 42 Sc as a precursory soft mode of the T = 0 pairing condensation. There was reported experiment for the GT decay to the odd-odd N = Z 62 Ga suggesting no evidence of the isoscalar pairing condensation [16] . It is important to mention that the SU(4) symmetry can be largely suppressed due to the presence of the spin-orbit (SO) splitting [17, 18] . The isoscalar spin-triplet pairing interaction is significant for the enhancement of the GT strength, while the experimental evidence of the T = 0 pairing condensation is still controversial [6, 19] .
Thus, despite the great efforts made in the past, both experimentally and theoretically, there has been no consensus on the T = 0 np-pairing condensation in nuclei. A realistic model that describes the shell effect and contains all kinds of relevant interactions, which either favor or unfavor the np-pairing condensate, could shed light on this question.
The PMMU model. The present authors have recently proposed a unified realistic shell-model Hamiltonian called PMMU [20, 21] , consisting of the two-body interactions in separable forms with the monopole interaction V MU m constructed from the monopole-based universal force [22] ,
It was demonstrated [20] that the PMMU interaction can well describe nuclear properties of the p f and p f 5/2 g 9/2 shell nuclei. In Eq. (3), the first term denotes the isovector J = 0 pairing (P01) and J = 2 pairing (P21) interactions in the particle-particle channel, and the second term the quadrupole-quadrupole (QQ) interaction in the particlehole channel. The isoscalar J = 1 pairing (P10) interaction in the particle-particle T = 0 channel is added into the PMMU Hamiltonian as the third term in Eq. (3). The monopole interaction H MU m is constructed from the monopole-based universal force [22] , and its effect has been extensively discussed in Refs. [20, 21] .
In the present work, we use the same single-particle energies ε a and the parameter strengths of our previous paper [20] for the p f shell space. The spin-orbit splitting 6.5 MeV between the spin-orbit parter f 7/2 and f 5/2 is chosen so as to fit the measured value in 41 Ca. The isoscalar monopole terms are slightly shifted so as to fit the observed lowest 1 + 1 energies for 46 V, 50 Mn, and 54 Co. For the added T = 0, J = 1 pairing interaction, the force strength is given by g 1 = g 0 1 /A, which has the same mass-dependence as the T = 1, J = 0 interaction. It should be mentioned that there is no common agreement for the choice of g 1 [15, 23] . We have confirmed that this additional P10 force does not change the results and conclusions obtained in our previous paper [20] . Shell-model calculations are performed with the code MSHELL64 [24] .
On the SU(4)-symmetry breaking. Figure 1 shows the calculated B(GT ) distributions and the experimental results in the 42 Ca → 42 Sc reaction. The quenching factor q = 0.74 is used for the GT-strength calculation as it proves to be appropriate for the mass region of A ∼ 40 − 60 [25] . We can see that the P10 pairing interaction with the parameter g pairing interaction is essential for the occurrence of the lowenergy super GT state observed in Refs. [8, 9] . The obtained sudden increase of the GT strength at E x = 9.64 MeV for all calculations with different P10 pairing strengths is due to the T = 1 states. Previously the shell-model calculation using the GXPF1J interaction [26] was performed to study the same data [8, 9] . The predicted 1 + 1 excitation energy 0.33 MeV was about half of the experimental energy 0.611 MeV, while the GT distribution was reproduced well. Figure 2 (a) summarizes the experimental B(GT ) distributions [9] Fig. 2(b) show qualitatively the same trend.
Our employed shell-model Hamiltonian in Eq. (1) is rich in physics, which contains all relevant interactions in the form of separable forces. The H 0 term and the monopole interaction H MU m produce the realistic single-particle states, ensuring that the SO effect is correctly described. In the particle-particle channel, the P10, P21, and P01 terms present the competi-tion of isoscalar and isovector pairing, and in the particle-hole channel, QQ describes the correlation induced by deformation. If we assume the degenerate single-particle orbits and take only the T = 1, J = 0 and T = 0, J = 1 pairing interactions in the PMMU, it reduces to the solvable SO(8) model [11, 12] . Further, if the T = 0 and T = 1 pairing force strengths are set to be equal, the Hamiltonian is invariant under SU(4), in which the GT strength to the lowest 1 + state becomes large [13] . In turn, the appearance of the large GT strength at the lowest 1 + state implies that both pairing correlations are equally significant. However, it has been discussed that this large GT value is suppressed due to strong SO splitting [18] . Thus it is very interesting to study the contribution of various terms in the realistic PMMU Hamiltonian to the GT strengths, to answer the question whether and under which conditions the isoscalar np pairing can lead to a collective mode coexisting with that of the isovector pairing.
In Fig. 3 , the effect of each term in Eq. (1) is studied with the B(GT ) for the first excited 1 (4) are all switched off and the SO splitting is excluded from the calculation, Eq. (1) becomes the Hamiltonian with only the isoscalar P10 and isovector P01 pairing terms. Further, if the strengths of both pairing terms are set to be equal, i.e., g 1 = g 0 , then it is invariant under SU(4). In the limit of the exact SU(4) symmetry, the GT strength is concentrated in a large single transition to the lowest 1 + 1 GT state [13] . Since the second term in the Ikeda sum rule for the GT strength, ∑ B(GT − )−∑ B(GT + ) = 3(N −Z)q 2 , can be neglected, the SU(4) symmetry corresponds to a constant GT strength B(GT ) = 6q 2 ≈ 3.29 for all cases of A = 42 − 54, as shown in Fig. 3 .
The departure from the SU(4) symmetry limit occurs as these terms are put back. The SO splitting in the p f -shell is known to be sizable, giving rise to the magic number 28. The realistic SO force leads to the SU(4) symmetry breaking and suppression of the GT strengths. As seen in Fig.  3 , the largest SO effect is found at A = 54, where about 2/3 of the SU(4) value is suppressed. Among the four cases, A = 42 has the smallest influence. On the other hand, the inclusion of the J = 2 pairing does not bring much effect to GT. However, when the QQ interaction is switched on, the B(GT ) for A = 46, 50 are drastically reduced, while the effect on A = 42, 54 is smaller. Thus the QQ interaction is largely responsible for the small B(GT ) values for A =46 and 50. With the monopole interactions included and g 0 1 = 0.26, finally the realistic PMMU Hamiltonian reproduces very well the experimental data. Only for A = 54, the calculated result is somewhat larger than the data.
Question on the isoscalar neutron-proton pairing condensation. One important finding in Fig. 3 is that the B(GT ) of A = 42 has the weakest breaking of the SU(4) symmetry, and it is caused mainly by the SO splitting. In an even-even nucleus with the isovector J = 0 pairing interaction, the ground state with seniority zero is usually interpreted as a condensate of isovector J = 0 pairs. Then the isoscalar pairing conden- (2)- (4), compared with the experimental data [8] and the value of the SU(4) symmetry.
sate may be realized for the isoscalar J = 1 pairing Hamiltonian with the degenerate single-particle orbits. However, this isoscalar pairing condensate may not persist against the single-particle splitting due to the SO force [18] . With all these factors taking into account, we formulate an isoscalarisovector-pairing Hamiltonian
with x being a control parameter. Equation (5) can be regarded as a simplified model from the realistic PMMU Hamiltonian (1) to study the competition of isoscalar and isovector pairings under the presence of the SO splitting. If the single-particle energies in H 0 are degenerate, the Hamiltonian (5) is invariant under SO (8), and x = −1 and x = 1 corresponds, respectively, to the usual isovector J = 0 pairing and isoscalar J = 1 pairing Hamiltonian. For x = 0, the Hamiltonian (5) is invariant under SU(4). Thus by varying x, it describes the phase evolution from the T = 1, J = 0 pairing phase (x = −1), through the SU(4) Wigner super-multiplet phase (x = 0), to the T = 0, J = 1 pairing phase (x = 1). Figure 4 shows the calculated results obtained by solving the Hamiltonian (5), where the non-degenerate realistic single-particle energies [20] are employed. The competition between the lowest 0 + 1 and 1 + 1 states to be the ground state are shown in Fig. 4(a) for the T z = 0 nuclei 42 Sc, 46 V, 50 Mn, and 54 Co. It is seen that for all these odd-odd N = Z nuclei, 0 Fig. 4(b) , where from x = −1, the calculated B(GT ) transition from 42 Ca to the daughter 42 Sc increases with x, and reaches the maximum at x c = 0.17.
There has been a long-standing question whether a strong isoscalar pairing correlation can lead to condensation. The possibility of finding the isoscalar pairing condensate was theoretically investigated for heavy nuclei [18] . We note that the Hamiltonian in the present work is superior to that used in Ref. [18] . To see what our shell model calculation may suggest, we follow the definition for the isovector and isoscalar pairing condensates in Refs. [17, 27] . The isovector J = 0 pairing condensation state |P01 is obtained by solving the second term and the first term with experimental single-particle energies in Eq. (5) . The isoscalar J = 1 pairing condensate state |P10 is obtained by solving the third term and the first term with degenerate single-particle energies. The probabilities of finding a nuclear state in different condensed phases are given by the squared overlap of that state with |P01 or |P10 .
In Fig. 4(c) , the squared overlaps | 0 50 Mn, and 54 Co. This means that for the four cases in the f 7/2 -shell, it is impossible to realize an isoscalar pairing condensation. In 42 Sc, the calculated probability | 1
The formed isoscalar J = 1 pairing coexists with the isovector J = 0 pairing, while 42 Sc contains only one valence np pair.
Summary. In conclusion, to investigate the role of the isoscalar np pairing interaction in GT transitions and the possibility of np pairing condensation in nuclei, we performed large-scale shell-model calculations with the realistic PMMU Hamiltonian for the f 7/2 -shell nuclei. The early works based on simpler models [28, 29] are close in spirit to the present work. The isoscalar T = 0, J = 1 interaction is found to be decisively important for explaining the large B(GT ) strengths of the transition from the ground 0 + 1 state in 42 Ca to the lowest 1 + 1 state in 42 Sc. The systematics of B(GT ) distributions are well described for the mass A = 42, 48, 50, 54. Our realistic shell-model calculation with more realistic interactions confirms the previous conclusion [18] that the B(GT ) strength in these nuclei is considerably suppressed by the SO splitting and the SU(4) symmetry is broken. We also show that the B(GT ) strengths are largely suppressed by the QQ interaction for the masses A = 46 and 50. The deformation effect in GT transitions was emphasized in Ref. [30] . We discussed the isovector and isoscalar pairing condensation using a simplified model reduced from the PMMU Hamiltonian. The results suggest that even for the most promising A = 42 nuclei where the SU(4) isoscalar-isovector-pairing symmetry is less broken, the probability of forming an isoscalar np pairing condensate is less than 60% as compared to the idealized situation. Finally, we note that the present realistic shell-model calculation may be applied to the study of SU(4)-symmetry in double-β decay, as discussed recently in Ref. [31] .
